Entrainment into flames is important in predicting the mass flow into the upper-layer of compartment fires where the flame height is similar to or greater than the layer interface height. An analytical model for entrainment into flames was developed based on the simple wetted perimeter approach. The model was validated with existing data and other analytical models for area and line fires located in the open, against a wall, and in a corner. The validated flame entrainment model was integrated into a two-layer compartment fire model and used to predict door flow rates and interface heights with the fire in different locations within the compartment. Predicted door flow rates and interface heights agreed well with compartment fire data from several sources.
INTRODUCTION
The majority of research on entrainment into fires has focused on the entrainment into plumes above the height of the flame. Reviews of this research can be found in Refs. [1] [2] [3] . These relations are routinely used in smoke control design applications of large spaces (atriums, sporting complexes, etc.) where the flame height is well below the smoke layer interface height [4] . In other applications where the compartment containing the fire may be much smaller, the flame height may be similar to or higher than the interface height of the smoke layer in the space. In addition, fires may be located against surfaces or could be different sizes, which is known to affect the entrainment into the flames [5] [6] [7] [8] . Within the flaming region of the fire, researchers have determined that entrainment is not a function of fire heat release rate but is dependent on height and fire diameter [2, 8, 10, 11] .
Some research has been performed on measuring entrainment into flames and developing analytical models to predict this entrainment [7] [8] [9] [10] [11] . However, these analytical models are restricted to fires in the open and for certain types of fires (e.g., either area or line fires). In addition, there is no general analytical model that can predict the entrainment into flames against surfaces as well as for different types of fires (area, line, burning surfaces, etc.). This paper presents an analytical model to predict entrainment into flames that accounts for the effects of flames against surfaces and different types of fires. Entrainment predicted by the model was validated against existing data and compared with correlations from more complex flame entrainment models developed for specific fire types. The model was then integrated with a two-layer compartment fire model. With the analytical flame entrainment model, the two-layer compartment fire model was able to predict the door flow rate and layer interface height data from several different sources with the fire in different locations within the compartment.
FLAME ENTRAINMENT
Analytical models for entrainment into the flaming region of a fire in the open have been proposed in Refs. [1, 2, 8, 10, 11, 12] . These models are restricted to particular types of fires (area sources or line fires). Thomas et al. [8] developed a model for entrainment into flames that was a function of the perimeter of the fire base and the height to the two-thirds power, z 2/3 , but not heat release rate as in plume entrainment correlations. Other researchers [2, 10, 11] have experimentally demonstrated that entrainment into plumes is a function of the fire base and height but not heat release rate. Based on the correlation from Ref. [8] , an analytical model was developed for entrainment into flames of a fire in the open,
where z is the elevation above the base of the fire at which the entrainment is being determined. This is also similar in form to the middle region (1<z/d<4 range) of the Delichatsios model [2] . A comparison of the model in Eq. 1 with data [10, 11] and correlations from the literature [2, 8] is provided in Fig. 1 plotted similar to that proposed by Delichatsios [2] . The model in Eq. 1 provides a more conservative fit to the data in Refs. [10, 11] except low in the flame (z/d<0.7). The multiplying coefficient in Eq. 1 is about 25% higher than that proposed in Ref. [2] and 60% higher than that proposed in Ref. [8] . Fortuitously, the model in Eq. 1 also provides a good prediction of entrainment into plumes above the fire. This has observation has also been reported by Hinkley [22] using the model proposed by Thomas et al. [8] .
Fires against surfaces are known to have less entrainment due to less surface area for entrainment [5] [6] [7] [8] .
Thomas et al. [8] For fires in a corner, a comparison of data and analytical model results from Eq. 2 are provided in Fig. 2 . The data was from Tran and Janssens [6] from measurements with the fire in the corner of an ISO 9705 room. As reference, the results from the model of Delichatsios [2] for entrainment into flames for a fire in the open are also shown in the figure. With the modification to account for the fire in the corner (50% of the entrainment), the correlation provides a good prediction of the entrainment data. Predictions for entrainment into wall fires are provided in Fig. 3 . In this figure, the analytical model in Eq. 2 was compared with two other analytical models based on line fires. Quintiere and Grove [13] used plume theory to develop expressions for both the flaming and non-flaming regions of a line fire. In the study by Yuan and Cox [9] , a correlation was developed for air entrainment into line fires based on experimental data. The method of images was applied in order to predict wall fire entrainment using the line fire results from these two studies. As a result, the line fire entrainment results from Quintiere and Grove [13] and Yuan and Cox [9] were divided by two to produce the wall fire entrainment results in Fig. 3 . Models from these two studies agree well with analytical model results using Eq. 2. The Quintiere and Grove model agrees better with the model in Eq. 2, but the reason for this better agreement is not known.
A comparison of the entrainment rates predicted using Eq. 2 with the fire in different configurations is provided in Fig. 4 . For reference, the correlation from Ref. 
TWO LAYER COMPARTMENT FIRE MODEL
A two-layer compartment fire model was developed to predict the gas temperature and layer height inside a compartment with a single door opening. As shown in Fig. 5 , the two-layer model consists of a cool lower layer and a hot upper-layer that meet at an interface height, z i The compartment is connected to ambient conditions by a door. At the door, the flow is bi-directional with gases flowing out of the compartment above the neutral plane and flowing into the compartment below the neutral plane. The fire can be located in the center of the room, against a wall, or in a corner, and the elevation of the fire above the floor can be specified. Mass from the lower layer to the upper-layer is transferred through the fire. Entrainment into the fire below the upper-layer in the room will control where the interface height is inside of the room. For many rooms, the flame height will be similar to or greater than the interface height. As a result, the analytical flame entrainment model developed in the previous section (see Eq. 2) was included in the compartment fire model. Since the model in Eq. 2 provides a reasonable estimate of the entrainment into plumes, this model is expected to be able to predict entrainment even the flame height is just below the interface height. For inclusion in the compartment fire model, the variable z was replaced by the height over which entrainment occurs in the lower layer, z = (z i -z fire ), where z i is the interface height and z fire is the elevation of the base of the fire above the compartment floor. 
Overview of Equations
The governing equations for the flow in a two-layer model consists of a mass balance on the upper-layer and a mass balance for the entire compartment. The mass balance for the upper-layer is given as
while the mass balance at the door is given as 0 , ,
Solution of Eq. 3 and Eq. 4 requires calculating the upper and lower-layer temperatures, fuel mass flow rate, mass flow in and out of the compartment, neutral plane, interface height, and entrainment into the fire below the interface height.
The gas temperature was calculated using the correlation developed by McCaffery, Harkleroad, and Quintiere (MQH) equation [14] ,
where, the total surface area of the compartment is
The multiplying constant was varied based on the position of the fire, using C=1.63 with the fire in the center of the room and C=2.2 with in the corner [15] . For a fire against a wall, a constant between the center and corner values was used, C=1.92. The MQH equation was selected for use in the model because of its ease of application in the model, and it provides reasonable results for preflashover scenarios.
No correlations existed for predicting lower-layer temperatures in the compartment; therefore, an energy balance on the lower part of compartment was used to determine the lower layer temperature. The energy balance on the lower-layer with no radiation absorption by the lower-layer gases is ,
where, ( )
where the convective heat transfer coefficient was taken as h c =0.015 kW/m 2 -K and the reference temperature was T ref =273K . Note that at the first time step, current time step values were used in the above calculations except for the lower layer gas and wall temperatures. The methods for determining the mass flow in and out of the lower-layer are discussed below with the door flow equations. Equation 8 was discretized relative to conditions at the previous time step. Substituting Eqs. 9-13 into Eq. 8, an expression for the lower layer temperature was developed. The wall temperature was determined using a heat balance on the wall. The heat transfer through the wall was assumed to behave as a semi-infinite solid with a time varying heat flux imposed on one surface. From Ref. [16] , the surface temperature can be calculated by
This equation has a point of singularity at the upper integration bound. From Ref. [17] , this singularity was removed by dividing the integral into two parts 
The heat flux for the increment in time for the second integral is considered constant and equal to the average of the heat flux at the current and previous time steps. As a result, the second integral can be evaluated resulting in the following expression,
The integral in the brackets was evaluated using numerical integration. The time varying surface heat flux was determined using an energy balance on the lower-layer walls, ( ) As seen in this equation, the lower-layer walls are heated by the radiation from the fire plume and the upper-layer gases and walls, which were assumed to be in equilibrium. Heat losses from the walls include re-radiation from the surface and convective cooling from the lower-layer gases. The radiation from the fire was assumed to be uniformly distributed throughout the compartment; therefore, the radiation fraction of the fire was taken to scale with the interface height. The heat flux from the upper-layer to the lowerlayer walls was calculated using a view factor of 1.0. This assumes a negligible loss of radiation out of the door and no radiation absorption by the lower-layer gases. Calculations were performed with the radiative fraction of χ=0.20, a wall emissivity of ε w =0.90 and an upper-layer emissivity of ε l =0.90.
The mass flow at the door was determined using equations from Ref [18] . In this paper, the general mass flow equations for flow through a door were used to derive mass flow expressions for a two layer model. For this, the following notation was applied
Based on results from Ref. [19] , a door flow coefficient of C d =0.73 was used in the validation. Mass flow equations are dependent on the location of the interface height relative to the neutral plane. When the interface height is less than the neutral plane (z i <z n ), the door mass flow equations are
When the interface height is greater than the neutral plane (z i >z n ), the door mass flow equations are
gas temperature increase to larger fires that produced flashover type conditions inside the compartment. The model compared well with both sets of data. In the tests, the interface height was measured to be over a region and the stated interface height was typically an average over this region. As a result, the interface height region could vary by 10-50% of the stated value. Therefore, the predicted interface heights agree even better with experiment than indicated by Fig. 6b . Upper-layer and lower layer gas temperatures are Fire in Center, Steckler et al. [7] Fire in Corner, Steckler et al. [7] Fire by Wall, Steckler et al. [7] Fire in Center, Dembsey et al. [20] Fire Fire in Center, Steckler et al. [7] Fire in Corner, Steckler et al. [7] Fire by Wall, Steckler et al. [7] Fire in Center, Dembsey et al. [20] Fire by Wall, Dembsey et al. [20] Agreement Fire in Center, Steckler et al. [7] Fire in Corner, Steckler et al. [7] Fire by Wall, Steckler et al. [7] Fire in Center, Dembsey et al. Fire in Center, Steckler et al. [7] Fire in Corner, Steckler et al. [7] Fire by Wall, Steckler et al. [7] Fire in Center, Dembsey et al. [20] Fire by Wall, Dembsey et al. Fire in Center, Steckler et al. [7] Fire in Corner, Steckler et al. [7] Fire by Wall, Steckler et al. [7] Fire in Center, Dembsey et al. [20] Fire by Wall, Dembsey et al. [20] Agreement Fig. 8a , the heat release rate was 100 kW for 600 seconds and then 300 kW for the last 600 seconds of the test. Door flow rates are shown in Fig. 8b to increase by 50% when the heat release rate is increased to 300 kW due to the increase in gas temperatures within the compartment. Predicted temperatures were compared with temperature data from Sorathia et al. [21] in Fig. 8c . Upper-layer and lower layer temperatures agree well with the data. The predicted interface height and neutral plane are provided in Fig. 8d . Based on the temperature data in Fig. 8c , the interface height seems to be reasonable. After the initial part of the simulation, the predicted interface height and neutral plane remain relatively constant during the simulation even when the heat release rate is increased to 300 kW and the mass flow rates into the compartment increase by 50%. compared with the data of Sorathia et al. [21] .
CONCLUSIONS
An analytical model was developed to predict entrainment into flames using a wetted perimeter approach. The model was validated against available fire entrainment data and predicted entrainment from other more complex models. From this validation, the model was demonstrated to be capable of predicting entrainment into flames in the open or against surfaces and can be applied to area fires, line fires or burning walls. After integrating this flame entrainment model into a two-layer compartment fire model, the compartment fire model was capable of predicting the door flow rates and interface heights measured in compartment fire tests from different sources with fires in different locations within the compartment.
